Introduction
The small intestine is the longest organ in our body, and it is where the most important part of digestion takes place. The adult small intestine measures about 16 feet and has a diameter of 1 in. -although its villi and microvilli increase its absorptive surface 500 times. The small intestine has three differentiated parts, duodenum, jejunum and ileum, in which the absorption of nutrients takes place. The epithelium of the small intestine is continuously in contact with food antigens, the enteric commensal bacteria, and potential pathogens that enter the host through the diet. The bacterial load in the small intestine is low and it increases distally. To keep the bacterial count low, the small intestine employs its motility to sweep bacteria along, mucus, and antibacterial molecules secreted in the gastric acid, biliary juice, as well as substances produced by the commensal microflora and epithelial cells, such as Paneth cells. In this manuscript we will review the latest findings on innate immunity of the small intestine, giving special attention to the innate immune receptors and antimicro-bial secretions that keep the bacteria under control to avoid mucosal damage.
Mucosal immunity and homeostasis in the small intestine
The first layer of defense against pathogens in the intestinal mucosa is the epithelium that faces the luminal surface of the intestinal tract. It is composed of four cell lineages that come from a common stem cell progenitor: absorptive enterocytes, mucus-producing goblet cells, hormone-producing enteroendocrine cells, and Paneth cells, which produce antimicrobial peptides (Fig. 1) . Underneath the epithelium, there is the lamina propria, in which the immunocompetent cells are found. Macrophages and dendritic cells are largely responsible for the innate immune response in the mucosa. Dendritic cells sit below the intestinal epithelium but their cytoplasmic extensions are interdigitated among the epithelial cells in order to sample the luminal contents and present antigens to T cells, in the lamina propria and underlying lymphoid follicles [1,2]. T and B cells and Peyer's
Purpose of review
In this article, we provide an update of the latest findings related to the innate immunity in the small intestine. In particular, we will focus on innate immune receptors and antimicrobial strategies that keep luminal bacteria and viral pathogens under control to avoid mucosal damage. These strategies include IgA secretion and antimicrobial peptides produced by Paneth cells, and downregulation or anergy of the innate immune receptors themselves.
Recent findings
Pattern-recognition receptors are the main target in the study of innate immunity in the intestinal mucosa due to their involvement in the regulation of host-commensal interactions. It has been shown that TLR5-deficient mice develop metabolic syndrome and have altered intestinal microbiota. On the contrary, NOD2 has been associated with the activation of autophagy and the inhibition of TLR4. Moreover, NOD2 has been described to be essential to keep a feedback loop in the host-commensal homeostasis, through the kinase Rip-2. Summary Innate immunity in the small intestine is mainly characterized by IgA secretion and Paneth cell antimicrobial function. In both cases pattern-recognition receptors, Toll-like receptors and nucleotide-binding and oligomerization domain-like receptors, are involved. A better understanding of the innate immunity in the small intestine would provide valuable information to develop vaccines against pathogens.
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Initiation of the innate immune response is triggered by recognition of pathogen-associated molecular patterns (PAMPs) by pathogen-recognition receptors (PRRs). The most studied PRRs are the toll-like receptors (TLRs) which are localized either in the cell surface or within endosomes and can be expressed by intestinal epithelial cells (IECs), macrophages, dendritic cells, B and T cells and stromal cells. Cytoplasmic PRRs include the RNA helicase family (retinoic acid inducible gene protein 1 or RIG-1, and melanoma differentiationassociated gene or MDA5) and the nucleotide-binding and oligomerization domain (NOD)-like receptor (NLR) family [3].
Toll-like receptors and their expression in the intestine
TLRs are transmembrane proteins that recognize evolutionarily conserved patterns present in microorganisms. These receptors are typically expressed in the IECs either on the cell surface or on the endosomes, as well as in other immunocompetent cells in the lamina propria, and they activate the innate immune response characterized by NF-kB activation, cytokine production, and chemokine-mediated recruitment of acute inflammatory cells.
TLR signaling in the intestine has been shown to be involved in epithelial cell proliferation [4, 5] , IgA production [6] , maintenance of tight junctions [7] and antimicrobial peptide expression -which are functions that are crucial for keeping a healthy epithelial barrier [8 ] . Because of the close proximity and high density of PAMPs in the intestinal lumen, a variety of mechanisms have evolved to protect against deregulated TLR-mediated inflammation in the absence of pathogens. First of all, conditions in the small intestine are inherently different from those in the colon. The density of bacteria increases from 10 2 bacteria in the proximal small intestine to 10 8 in the distal ileum, and 10 12 in the colon. The differences in bacterial load along the intestine and the antimicrobial environment in the bottom of the small intestine crypts kept by Paneth cells may influence the regional differences in the expression of TLRs. Other mechanisms to keep the intestinal bacteria under control are polarized expression of TLRs, induction of tolerance by PAMPs, expression of TLR inhibitory molecules, and the homeostatic function of bacterial-epithelial interactions [9] . TLR1, TLR2, TLR3, TLR4, TLR5 and TLR9 have been detected in the IECs of the human small intestine but their function in vivo has primarily been ascertained by knock-out studies [10] .
Smythies et al. [11 ] recently described that human intestinal macrophages are anergic to TLR ligands present in the commensal bacteria. The majority of intestinal macrophages expressed TLR3, TLR5, TLR7, TLR8 and TLR9, whereas a smaller subset expressed TLR4 and TLR6, but do not secrete pro-inflammatory cytokines in response to TLR ligands. Moreover, intestinal macrophages do not express MD-2, which makes them unresponsive to LPS. In addition, the expression of MyD88 was also lower in these cells.
Nucleotide-binding oligomerization domain proteins
NOD proteins are another class of innate receptors that recognize PAMPs. Crohn's disease is known to be a consequence of an uncontrolled inflammatory response to the commensal microbiota and several innate immune susceptibility genes, including NOD2 mutations, have been identified [12] . Although Crohn's disease can affect any part of the gastrointestinal tract, the most common presentation is chronic inflammation of the ileum. NOD1 is expressed by IECs and is required for recognition of invasive Gram-negative bacteria [13, 14] . The specific ligand recognized by NOD1 is found only in Gramnegative bacterial peptidoglycan. In addition to TLRs, invasive organisms may elicit an innate immune response from IECs through intracellular NOD1. Gut-associated lymphoid tissue (GALT) (tonsils, lymphoid aggregates in colon, stomach, esophagus and appendix, Peyer's patches) is induced by the presence of Gram-negative commensal bacteria through NOD1 signaling [15] .
The ligand for NOD2, also called CARD15 (C-terminal caspase-recruitment domain 15), is muramyl dipeptide (MDP) derived from peptidoglycan common to both Gram-positive and Gram-negative bacteria. NOD2 is 126 Small intestine
Key points
Innate immunity in the small intestine is critical because there is a large mucosal surface exposed to the commensal microflora and potential pathogens.
The main strategies to control the luminal bacteria are the production of secretory IgA and antimicrobial molecules. Regulation of the antimicrobial strategies involves the intestinal epithelial cells, and the innate immune receptors (TLRs and NLRs). A better understanding of the events that regulate innate immunity in the small intestine will help to develop new therapies to protect the host against pathogens.
highly expressed in monocytes and Paneth cells [16] . The work of Kobayashi et al. [17] using NOD2-deficient mice and testing their response to MDP and other agonists, as well as Maeda's [18] , led to a model of inflammatory bowel disease in which Paneth cells, dendritic cells and macrophages protect the host from intestinal infection via NOD-2 mediated release of cryptidins and pro-inflammatory cytokines. Defects in NOD2 could result in decreased bacterial clearance. Interestingly, the same group recently showed that NOD2-deficient mice have more commensals in their gut and are less effective at clearing the newly colonizing bacteria than wild-type mice [19 ] . They found that ileal crypts from wild-type mice have better bacteriakilling activity through NOD2 stimulation. NOD2 is required for the secretion of antimicrobial peptides but its deletion does not interfere with the normal development of Paneth cells. They also found that the expression of NOD2 and the Rip2 kinase are dependent on the commensal flora, whereas the expression of adaptor molecules for TLRs, MyD88 and Tirap/Mal was independent.
Barreau and colleagues [20] recently described how NOD2 regulates host response toward the commensal bacteria. NOD2-deficient mice exhibit an increased translocation of bacteria through Peyer's patches in the ileum compared to wild-type mice. This increased permeability in Peyer's patches was triggered by CD4þ T cells and IFNg production. Oral administration of antibiotics reversed this phenotype, as well as treatment with anti-CD4 and anti-IFN monoclonal antibodies. This study demonstrates that NOD2 regulates the cross-talk between T cells and the intestinal epithelium and downregulates the pro-inflammatory effect induced by the ileal commensals, most likely through inhibition of TLR signaling.
NLRs and the inflammasome
The NLRs (nucleotide-binding domain leucine-rich repeat-containing receptors) are also innate immune receptors, and the first identified NLRs were NOD1 and NOD2. These receptors have a common structure of a central nucleotide-binding domain called NACHT, which is located between the C-terminal LRR stimuli, leading to the activation of inflammatory caspases, such as caspase-1. By analogy to the apoptosome, which activates apoptosis-inducing caspases, the NLR multimolecular complexes are called inflammasomes and they activate caspases necessary for propagating inflammatory signals [21, 22, 23 ] .
The NLPR3 inflammasome, also called NALP3, has been the most studied member of the NLPR family. NLPR3 recruits the adaptor ASC and caspase-1 to form a proteolytic complex that cleaves pro-IL-1b and pro-IL-18 into their mature and secreted forms. NLPR3 genetic variants were first described in Crohn's disease subjects from Belgium and Canada [24] , as well as in Swedish cohorts [25] but not in the UK [26] . The conflicting results may be explained by the presence of genetic variants in other components of the NALP3 inflammasome, including NOD2 [27] .
Intestinal IgA secretion
GALT plays another important role in the intestinal mucosa through B cell production of IgA that is released into the lumen through the epithelium, providing protection against microbes. IgA deficiency is common and puts patients at risk for chronic giardiasis. Thus, in the face of defective innate immune function there can be pathogens that can cause chronic infections. We showed that a constitutively active TLR4 that is only expressed in the intestinal epithelium (driven by the villin promoter) of mice, promotes the production of IgA in the small intestine [6] , by an increase of B cell recruitment to the lamina propria and class switching of B cells to IgA. This increase of secretory IgA is useful to neutralize pathogenic bacteria and control commensals, in order to keep intestinal homeostasis. These data extend the work of Andrea Cerutti who demonstrated that TLR stimulated IECs produced APRIL that promotes class switching to IgA2, a type of IgA that is antigen nonspecific but more resistant to hydrolysis and therefore perfect for the intestinal environment [28, 29] .
The production of IgA is very clearly dependent on the microbiota and changes in the composition of the flora can alter the IgA pattern [30 ] . Moreover, there is a threshold of IgA production based on the density of the flora with counts needed between 10 8 and 10 9 bacteria needed for optimal IgA production.
Paneth cells and defensins: keeping the balance between the host and its microbiota
Paneth cells are present at the base of crypts in the entire small intestine, with an increase in their number as one goes more distally, reaching the highest concentration in the terminal ileum. These specialized secretory cells are located in the base of the crypts of Lieberkü hn and are the major producers of antimicrobial proteins in the small intestine. Paneth cells produce and secrete lysozyme (also present in tears and saliva), secretory phospholipase A2, the C-lectin RegIIIg (human counterpart HIP/PAP), as well as a-defensins (also called cryptidins in mice) and angiogenin-4 -these last two are exclusively produced by this cell type. In addition to a-defensins expressed by Paneth cells, IECs express b-defensins.
It has been shown that Paneth cells have an autonomous mechanism to detect potentially invasive bacteria. Paneth cells express PRRs, specifically NOD2 and TLR2, TLR4, TLR5 and TLR9 [16, [31] [32] [33] , and signaling through these can induce the secretion of antimicrobial proteins and lectins [34, 35] . Furthermore, Hooper's group described that Paneth cells sense enteric bacteria through MyD88 [36] . Gong et al. [37] demonstrated that blocking the MyD88 pathway in the intestinal epithelium causes spontaneous inflammation, and this is due to decreased Paneth cell-derived a-defensins and RegIIIg. Thus, inflammation in the intestine is linked to a defect in innate immune signaling.
Autophagy is an evolutionarily conserved mechanism that eukaryotic cells use to recycle proteins and organelles, as well as to clear intracellular pathogens. Normal Paneth cell function is critically dependent on autophagy because these cells have such a high production of secreted proteins. Sequence variants of ATG16L1 and IRGM1, two autophagy-related genes, are associated with Crohn's disease [38] [39] [40] . Subsequently, Stappenbeck's group discovered that loss of function of ATG1L1 showed defects in the secretory function of Paneth cells in mice. Furthermore, Crohn's disease patients, who were homozygous for the ATG16L1 susceptibility allele, had autophagy defects in Paneth cells in the ileum [41, 42] . NOD1 and NOD2 have been also associated with autophagy. Travassos et al. [43 ] recently described a mechanism by which NOD1 and NOD2 recruit the protein ATG16L1 to the plasma membrane at the bacterial entry site. NOD1 agonists induce autophagy in Hela cells and MDP, the NOD2 ligand, stimulates autophagy in bone marrow-derived macrophages from wild-type mice, but not NOD2-deficient mice. The authors describe for the first time a functional link between NOD2 and ATG16L1, which is interesting as polymorphisms in both of them have been associated with Crohn's disease.
On another note, it has recently been described that interleukin-17A, which is constitutively expressed in GALT and epithelial cells of the small intestine, plays a protective role against the first stages of Salmonella typhimurium infection in mice [44] . This group, and others [45] , showed that IL-17A is constitutively expressed in CD4þ T cells present in the lamina propria of the small intestine as well as Peyer's patches and mesenteric lymph nodes. In addition, IL-17A regulates the expression of b-defensin3 in the intestinal epithelium, which can effectively kill S. typhimurium before it invades the mucosa.
Toll-like receptor function in the intestine: learning from animal models
The use of knockout and transgenic mice to study the TLR pathway has been of enormous importance in the study of innate immunity in the gut. Knockout mice studies have demonstrated the involvement of TLRs in the protection of the intestinal mucosa from epithelial injury. Transgenic mice that carry a dominant-negative MyD88 under the epithelial-specific villin promoter have spontaneous inflammation in the small intestine, indicating immunoregulatory roles of TLR signaling in the intestine [37] . Oral administration of dextran sodium sulfate (DSS) results in epithelial injury and exposure of the lamina propria to luminal bacteria. Several authors have shown that administration of DSS to TLR4, TLR2 and MyD88 knockout mice induces high mortality compared with wild-type mice. Administration of broad-spectrum antibiotics to wild-type mice has a similar deleterious effect as MyD88 deficiency, suggesting that stimuli provided by luminal bacteria via TLR signaling protect against DSS damage. However, there is always the other side of the coin. TLRs can also lead to pathology, if they are activated tonically. In the mouse model with constitutively active TLR4 in the intestinal epithelium, DSS injury elicits a potent inflammatory response that can be fatal and increases the risk of colitis-associated cancer. These animals produce increased levels of TNF-a and inflammatory mediators such as COX-2 in the small intestine [5] .
In addition to the role of TLRs in immune defense and repair of the gut, TLRs may also play a role in metabolism. Vijay-Kumar et al. [46 ] demonstrated that TLR5 knockout mice develop metabolic syndrome and have altered gut microbiota. TLR5-deficient mice have a particular commensal microflora that makes them develop insulin resistance leading to hyperphagia, obesity, hyperglycemia and elevated levels of pro-inflammatory cytokines. This important finding adds information to the novel idea that TLRs are involved in the regulation of metabolism, most likely due to changes in the intestinal microbiota.
Necrotizing enterocolitis
Another question related to the expression of TLRs is when they are expressed during development. This is an important concept as we are born without the presence of commensal bacteria in the gut, and the intestinal mucosa has to mature and become colonized by bacteria in the next first weeks after birth. Moreover, newborns are the most affected by necrotizing enterocolitis (NEC). NEC is diagnosed mainly in premature newborns who suffer bowel necrosis, more frequently in the ileocecal region. It is believed to occur because of an immature immune response against intestinal bacterial colonization. Wolfs et al. [47] have recently described that the immature neonatal gut does not express MD-2, neither in epithelial cells nor the lamina propria. Similarly, MD-2 is absent in the preterm infants with NEC. However, MD-2 was expressed in Paneth cells in the ileum of healthy term neonates and adults. This suggests that MD-2 expression, and consequently TLR4 signaling, depends on developmental regulation and colonization.
Richardson et al. [48 ] have described an inhibitory interaction between TLR4 and NOD2 using knockout mice. TLR4 activation leads to apoptosis in the small intestine of newborns with NEC but not colon of adult mice, and its expression is dependent on NOD2. The authors found that NOD2 activation limits TLR4 signaling in enterocytes both in vivo and in vitro. Stimulation of NOD2 limits NEC by protecting against TLR4mediated apoptosis. This interesting study proposes that NOD2 inhibits TLR4-mediated apoptosis through the mitochondrial protein SMAC-diablo, an inhibitor of IAPs (inhibitor-of-apoptosis proteins).
Pathogenic bacteria
Little is known about the intestinal innate immune response to pathogens. The main reason for this knowledge gap is the relative paucity of well established animal models of infectious enterocolitis that mimic human disease. Most foodborne pathogens that cause enterocolitis and epidemics are Gram-negative pathogens and they have an ability to evade host immune recognition especially by blocking some of the key signaling pathways driven by TLRs. These facts highlight the importance of the innate immunity, especially PRRs that recognize Gram-negative pathogens such as TLR4 in intestinal host defense mechanism against pathogenic infection. For instance, it seems that TLR4 adaptors (MyD88 and TRIF) play an indispensable role in the host response to enteric infection by S. typhimurium [49, 50] . Recognition of bacterial flagellin by TLR5 may have a distinct role in host response to pathogenic infection. A unique subset of lamina propria dendritic cells (DCs) that express CD11c(hi), CD11b(hi), TLR5 but not TLR4 has been identified as an important host immune defense property [51] . These DCs promote antigen nonspecific IgA secretion and Th17 immune response in the intestine. Better understanding of cell type specific roles of individual TLR signaling will facilitate the establishment of novel strategies to manage enteric pathogenic infection and thus prevention of epidemics.
Conclusion
Given the surface area of the small intestine, a strong innate immune response must protect against potential pathogens. It must do so without eliciting such a strong response that nutrition is interfered with. The overarching theme is that innate immunity in the small intestine is characterized by IgA production and Paneth cell secretion of antimicrobial peptides. In both of these situations, TLRs and NLRs are involved. Although IgA may be antigen-specific, in fact, T cell independent, antigen-nonspecific IgA can protect against both pathogens as well as commensals that get too close to the epithelium. We now know that TLR activation of epithelial cells is key to IgA secretion in the small intestine. Some data do suggest that TLR and NLR signaling by epithelial cells are important in defense against pathogens and in their absence the flora is changed. An understanding of innate immunity in the intestine can be leveraged to improve vaccine development and protect against pathogens.
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